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Allagochrome3 is a water-soluble pigment which
has been extracted from the leaves of a number of
species of higher plants. Attempts to purify and
characterize allagochrome have revealed that the
apparently uniform fraction obtained following
electrophoresis and chromatography on sephadex
has at least three distinct but tightly bound com-
ponents: 1) a chromophoric group absorbing in the
red with a peak at approximately 670 m,u, 2) copper,
and 3) a fluorophoric group emitting at 460 my when
excited by ultraviolet light. The most conspicuous
of the three is, of course, the chromophoric group
which is responsible for the characteristic blue-green
appearance and the striking color changes of allago-
chrome solutions in response to oxidation or reduction
and pH.

When allagochrome was first described (3), no
records had been found in the literature of this or
comparable compounds from leaves. Since that time
it has been learned that in 1950 Kozlowski, working
in Hill's laboratory, had reported the formation of a
green oxidation-reduction inclicator in plant extracts
(7). Also. Kahn, Dorner, and Wildman in the mid
to late 1950's extracted and attempted to purify a
green compound from tobacco and artichoke which
appears to have been allagochrome. The attempts
of the latter workers to purify and characterize their
green stuff were not completely successful and were
never published (private communication, Dr. R. W.
Dorner).
A copper protein extracted from Chlorella cllip-

soidea with properties similar to allagochrome has
recently been reported by Katoh (6). These two
pigments are not identical spectrophotometrically,
however, and the conoer protein from Chlorella is
not autoxidizable. All assays of Chlorella pyrenoid-
osa for allagochrome have been negative. Substances
with similar spectra and electrochemical properties
have been extracted from spinach chloroplasts by
Takamatsu and from chloroplasts of Chrvsanthenznmiwtt
coronariumsl by Katoh (6). It is quite possible that
the preparation from Chrysanthemum is allagochrome
because we have found that Chrysanthemum species
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3 The term allagochrome was derived from the Greek
wvords allago = changing in form, and chrornos = colored
substance.

are an excellent source of this pigment.
The absorption spectrum of allagochromiie strongly

resembles action and absorption spectra of the red-
absorbing form of phytochrome (1). According to
present information about these pigments. there is no
relationship between them aside from the resemblance
in color.

It is the purpose of this paper to summarize 1)
the progress in attempts to purify allagochrome, 2)
the methods which have been developed to assay for
this component of leaves, and 3) some speculations
about its chemical nature.

Methods
T. Extraction anid Putrification. Freshly harvest-

e(l leaves are ground in a Waring blendor with gly-
cine-NaOH buffer (pH 9.5, 0.05 Wi glycine, 0.02 M
NaOH; 30 ml buffer per 10 gm leaves). The brei
is filtered to remove large particles. Subcellular
particles are removed by centrifugation at 40 and
30,000 x g in a refrigerate-I centrifuge. Allago-
chrome can be removed from the resulting crude ex-
tract by precipitation with acetone (fraction between
45 & 90 % acetone). Despite certain advantages of
acetone precipitation (such as concomitant removal
of traces of plastid pigments & concentration of alla-
gochrome) wre have omitted this step in purification
because the precipitation of Digment is not quantita-
tive and it is difficult to remove traces of acetone.
The next step in purification (electrophoresis) is
now used to remove the remaining chlorophylls and
carotenoids. The crude extract is fed onto the paper
curtain of the electrophoresis apparatus (Spinco
model CP) at a rate of 7 to 10 nml per hour. Glycine-
NaOH buffer of the same concentration as used for
extraction serves as the electrolyte. Plastid pigments
are adsorbed on the paper curtain in the region of
application. The relative amounts of contaminants
removed in this way determine howv long the curtain
can be used before their accumulation begins to in-
terfere with the resolution of separating components
of the crude allagochrome preparation. Generally,
curtains have to be replaced every 4 to 5 dlays undler
these circumstances, whereas continuous operation
for several wveeks is possible if plastid pigments have
been removed prior to electrophoresis. 'Migration
toward the positive electrode under an applied poten-
tial in the range of 550 to 800 volts is rapid and the
apparatus is adjusted by backwash of the separating
fractions so that allagochrome is collectedl on the
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positive electro(le si(lea-Lt thle bottom of the curtain.
At this stage ofpurificatio). relatively large amounts
of pigmlenite(d componienits otherthcall allagocihroime
are separated and( at least two yellow fractions are

partially removedfromii the alligochrome preparation.
Theproperties of somie of the yellow pig,ments

obtainedI by electrophoretic p)urification of cru(le ex-

triacts of Helianithus leaves andI see(Is have been sutim-
mnarized in an earlier paper (4). Comparable frac-
tions have miore recently} been extrcacte(l from Chrv-
santhemum. Phvtolacca. an(d Ligustrumiii leaves.
Techniques for purificationi and assay of these yellow
pigments havenot yet been(le-elope(l. Stu(lies of
the (listribution of allagochrome (2 ain( purification
of allagoch rome from several sources have indicated.
'however, that sucih yellow componen-its are closely
associated -with allagocihrolime wxherever it occurs.
Extracts fromi species which have no imeasuir-able
al)sorp)tion peaks in the re(d portioni of the spectrumii
often containi large amiouints of velloxw pigmentsxith
peaks in the 400 to 500 igi, regioni of spectra measuredl
against aliquots reduce(d with so(diiium hvdrostlifite
as bhnlaks (see assay plrocedlures below).

After electroplhoresis. traces of the yellow com-
poneints still remlaini ini the allagochrome frIactioln.
Alkligochrome is furthier purifi ed by passage thiroughi
a columinil of No. 75 grade regular sephadex. The
yellow comiiponenets in part prece(le alnd in part follow
callag'chrome on sephia(lex. ini(licating<_c a graielit in
molecular size with allagochromiie initermediate in
size between the twN-o yellow pigimen-ts.

Fractioins which hav-e becoimie diluted lh! electro-
phoresis an-id chromatographx tare colncelntriate(d by
I vophilizatioln. Preparatiolns ot alllagochrome and(
of several 'of the associate(l velloxw migments from
tlhree sourl-ces (JVlic/1atliias aniw1(tis, Chrysan-themnum
si). & Liystfcrii j}a/oliicii)i 1have been purifiedl by
repeatedl electrophoresis aiidl chromatographi on
sephla(lex. LYophifizationi of such l)repafrations after
the last passage tllroughll sephadex has x-iel(le(d crystal-
linle solids.

TI. .Issavis for Spcc(a Comipouiciuts. A (quanti-
tative assay- for Col)p)pe miod)dified fromil that (lescribed
bw Humphries ( 5) is use(d for analysis of allago-
clhromiie p)reparatiolis. Phosphorus cointelnt is (leter-

iiiie(Il lv a method(l describedl bx P irson anild KulIl (8).
111. I-ISSavS for .4la( qtocllhcame. Leaves (ustuall

1-2 X-eighiedI immediately after harvestinig are
grouldl xwith coldl glycinie-NaOIH buffer eithiel- by hland
in al chilled imiortalr o1- ill a1 smllall Warin!g blendor.
Thle holimogeniate is tralisferred xvith several washillngs
of buffer to a gra(luate cylinder, (liltite(l to thle (lesire(l
v,olumne (accordilng!,r to the size of the salimule anidI
thieni cei-ntrifuged at 4° for 15 minutes at 30.000 xY j
(ITnternationld HR-1 refrigerated centrifuge. 8-place
10.5 cmil radius head, 17;500 rpmi ). Aliqluots of the
clear sul)erinitaint aIre transferred to a pair of imiatched
cux-ettes an(Ia few cry stals of so(litllii hydr-asilfite
are adlded to onIe oi- red(uice the allag£oclihromie. The
absorption spectrumi of the sanilple is lleasire(l ill
a Beckmani DK-2 record(illr sPectr-opIhtoilleter uisilng

the reduce(d aliquot as blank. The optical(den)ity of
the peak in the red portioni of the spectrum is propor-
tional to the concentrationi of oxi(lizedl allagoclii-omiie
in the samiiple. The plastidl pigmenits. xllich are the
miajor colored contamiilnants,(lonot change coloron1
addition of the re(lucing, agent. are present in eqlual
concentrationis in samiiple anId blank, anld( tlhuis(1o not
contribute to the recor(le(l optical density. Re luice(l
allagoclhromiiedoes not absorbin the redpl)rtion of

the spectrum (figs 2a. 21), & 2c.
Optical (lenlsities of soltutionis containingi kmnown

xx-eights of allagoclhl-olmie per ml of solutionl have
been deterlinied forplurifiedl preparations frolmi Heli-
anltlhtus. Chrysanithemum, and(i Ligustrum leaves.
These (letermiinationis xvere made eitherb- (Irvin- 5
to 10 ml ali(uots of salimles of knowns- optical dlensitv
to con.tant xx eight at 950 or 1b (li ssolvixgx-wei-hed
aminotiiits of Iv-oplhilizedl saiiples.

Allagochr,meT1 (7111t (IS (1 Tllit of Pigylielit( on-ctrafftimon. Altlhouighl pui fi ed preparations of alla-
goherome fromii several species have identically shaped
spectra, tlherei's considerable v ariation between prepa-
rations fromii (lifferelnt species in the w-eigllt of pig
mienit nee(le(d per ml fw)r solttionis of mixell omtical
lelisity. Suchl (li fferenices make it impossible to

utilize concentration- 'optical dlelnsity relatiolnships (le-
terminle(l for a giv-eni species for calculatioii of veigihts
of alla-oclhromle present ini samlIples frolim othel species.
Foor this reasoln, the folloWing- expression (xx hich
reflects the concelitraticin of the pigmilelnt hut makes
lid asu1m)tioi-ns about wxeiglhts of imiaterials associated
xx-ith the chromophore') hlas been uise(l a,s a illeaSuli'e
of relative allagochrome concentratioln
.\latgochrome v-aluet
OD (at redl m1ax, 1 cmll) X vol of homog ml

WN'eighit of sampille g
IV. C/han ges i( Absorption Spcrtra If'ith PHIJ.

In order to cleterlllille wx-hether the chromophores of
putrifie(l allag-ochrome frolml (lifferent souirces are
ideentical, absorption spectra of the oxiclize(d audI( re-
(luce(d forms of Helianthlius Chrysanthemum, and( Lig-
uistruimii allagiochromie wvere measuredl oxer a ral-ge
of nH betxxeen 2 ai(dI 13. Fdrlmeasurement, 1 nil
of concenitrate(l allagdochro)me solution xas ixixelxx-itlh 9 ml of buffer. Absorptioni spectr-a of the oxi-
(lize(i pigmients xvere nmeasuredl against x-ater pl)us
buffer bIlanks in a Beckman DK-2 recording spectr-o-
photometer. A fexv crxstals of so(liunii hy-dldrosulfite
xx-ere adidled to both cux-ettes aandl spectra of the reduced
pig-lnienits xx-ere imieassured imme(liatelx- after measuire-
ment of the oxi(lize(l for-mii. See figutre legendis (1.
2a, 21) 2c) for pignment concentrations.

V. Fl/uor-csccrLcc Spectra. Excitation a11l fIlo-
resceince spectra of Helialntlhus. Clrx-santhemum. and
Ligustr-uim allagochrome xxere measlredi x-ith ani
Aminco-floxwman spectrofluorometer. Samples of
knoxxn conceintration (xxt per vol) lissolxel in wxater
xxwere used. \ariation of xaxelength of excitation
and(1fluorescence niaxima and dhiffel-ences in relatix e
intensity of fluorescenice xx ithl pIl xxere deterimilne(
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either by making test solutions alkaline or acidic by
adding a drop of concentrated NH40H or HCI, or
by preparing solutions in the buffer series used for
measurement of changes in absorption spectra with
pH.

Results & Discussion
I. Extraction and Purification. The difficulties

of separating non-specific protein and contaminating
yellow pigments from allagochrome preparations have
been the most persistent problems of purification.
The presence of protein in crude preparations makes
it difficult to determine whether allagochrome is
indeed a pigment-protein complex or whether the
association of pigment with protein is a consequence

of preparative techniques. On purification, there is
a steady decrease in absorbance in the ultraviolet
relative to peak height in the red region of the spec-
trum as well as increased stability towards protein
denaturing agents. (See note added in pr3of.)
Spectra of oxidized Ligustrum allagochrome illus-
trated by figures 1 and 2c show typical ratios of peak
heights in the ultraviolet and visible for the most
higbly- purified preparations.

The procedures for extraction and purification
described above were developed for preparations from
Helianthtus annauiis. They seem to be equally effec-
tive for extracts from all other species which have
thus far been purified. In the following sections
similarities and differences between preparations
from several sources will be noted and reasons will
be cited for suggesting that the chromophores are

the clhemiiically consistent constituent of the allago-
chromle complex. Only the characteristic of color
has been used to identify and estimate the concentra-
tion of allagochrome.

IT. [IWeight per Unit Volumiiie anld OPtical Den-
sitv. Table I summarizes the relationship between

Table I
Relationship between Concenttrationt & Optical Den sity

for A.llagochrome Preparations front Helianthus,
Chrvsan theiunu. & Liqustrunm

mg allagochrome
Sample per ml solution El cm

with OD of 1 1

Helianthuts
Liquid samples of known
optical density, dried to
constant weight
Lyophilized samples
dissolved in H,O

Chrysanthenunim
Lyophilized samples
dissolved in H.,O

Ligustrun
Lyophilized samples
dissolved in H,O

2.48 +- 0.21* 4.03

2.72 0.14 3.68

0.77 + 0.03 12.99

17.23 1.62 0.58

* Mtean standard deviation of mean. Optical den-
sities measured in a Beckman DK-2 recording spectro-
photometer, 1 cm cuvettes.

concentration expressed as weight per unit volume
of solution and optical density at the red absorption
peak for preparations of allagochrome from Heliatn-
thus anntuus, Chrysanthemum sp., and Ligustruni
japonicum. The large differences between samples
from different sources indicate that there are con-
siderable differences in the concentration of chromo-
phores within the allagochrome complex and that
these differences are probably species-specific.

III. Special Comiiponents. Copper has been
found in allagochrome preparations at all stages of
purification. Although phosphorus has also been
shown to be present, its concentration varies with
the procedures used for purification. All tests for
iron were negative.

A. Copper. Although there are relatively large

Table II
Sutmmary, of Deterniinations of Copper in Allagochrome

Number of Ag Cu per ml
Sample determinations solution with

GD of 1

A. Helian thuts
1. Electrophoretically pure 2 0.479 ± 0.014*
2. Electrophoretically pure 6 0.205 +- 0.023
3. Electrophoretically pure,

once rapidly through
sephadex, also used for
phosphate analyses 3 0.302 ± 0.119

4. Electrophoretically pure,
once rapidly through
sephadex 6 0.283 ± 0.037

5. Electrophoretically pure,
once rapidly through
sephadex, concentrated &
dialyzed 3 0.228 ± 0.036

6. Electrophoretically pure,
once slowly through
sephadex, also used for
phosphate analyses 2 0.468 + 0.087

7. Electrophoretically pure,
once slowly through
sephadex, fractions on
either side of sample 6 1 0.406 ...

8. Electrophoretically pure,
twice rapidly through
sephadex 6 0.195 ± 0.049

B. Chrysanttheinnto
1. Electrophoretically pure 6 0.065 ± 0.009
2. Electrophoretically pure 12 0.067 ± 0.012
3. Electrophoretically pure 12 0.052 ± 0.007
4. Electrophoretically pure,

once rapidly through
sephadex 6 0.082 ± 0.018

5. Electrophoretically pure,
once rapidly through
sephadex 8 0.056 ± 0.015

C. Ligutstriiii)t
1. Electrophoreticaly pure,

once through sephadex,
also used for phosphate
analyses 5 2.29 + 0.41

* Results expressed as mean + standard deviation of
mean. Samples with comparable preparative histories
are listed separately to indicate variability of results.
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variations in copper conteint
arations froml (lifferenit species
for sanmples fromii any given slI
centration relative to color (1o0
ably wN-ith purification (table
allagochronme preparations frc
have been testedl. Its variable
to optical density in saml)les
imiiplies that the color of allau
consequence of copper contelnt

B. Phosphloruts. The pho
lagochromle is extremely varial
nmethodls of purification (table

Table II]
S,,um,,,,arl, of 17 te)minaotions

^llm/ochroi

Sample Nui
(leter

Helianth Its
Electrophoretically pure,
once rapidly through
sephadex
Electrophoretically pure,
onice slowly through
sep)hadex
After repeated electro-
plioresis & chromatography
on sephadex

Chlri theu;m iot11
Electrophoretically pure,
onice tlhrough sepha(lex
After repeated electro-
phoresis & chromatography
Oil sephadex

Ligiustru in
Electrophoretically pure,
onice through sephadex

* Mean +4- standlard deviation0

are l)urifie(l by relativelx ralpi(l
a(lex (10-100 ml ner llr ). If

If allagochrome prep- with higly purifiedl preparations. hoxwever. there is
v-alues are consistent ino guarantee that a large proportion of the dry xveight

ecies and copper con- is not the result of complex formiiation (lurinig extrac-
es not change appreci- tion and purification. Thus allagochromie values are
11 ). It is present in nmeasures only of relative chromiioplhore concenitrations
nm all sources which and cannot be extrapolated to miolar coinceintrations
conceintration relative or absolute weights.
from (lifferent sources B. Assays of a x i(le variety of plaint materials
bochrolmie cannot be a have (lemonstrate(l that mnany species ofIhigher plants
alone. contain allagochromie. The crude allagochrome ex-

tsphorus content of al- tracts are not always spectrophotometricallY identical,
ble an(d (lepends on the however. Althouglh the shapes of absorption spectra
III). Mlost samples and responses to reducing agents or changes in pH

are typical. there can be wvide variltion in the w-ave-
leingtlh at which the characteristic peak an(l shoulder
occur. Cru(le extracts of Ligustrumii allagoclhrome

v of Plhosphoruts i, exhibit one of the extreimie cases of peak position
t7ie (630 ml ) but tlis slhifts to 670 onI purification.

Peak positioIns for- all species testiig- positively halve
rneof,g Pper ml bmber of solution with been liste(d in (2-) (also see table I\"). Such v-ari-

OD of 1* atiOns ill spectra are probablv akin to the imiuch dis-
cusse(l peaks of chlorophyll a spectra in vivo -which
yield only chlorophyll a onI extractioi. They appear
in respoinse to factors in the chemiiical environment

16 0.270 ± 0.020 of cru(le extracts. These clifferenices are not the
result of pH changes (lurinig extr-actionl.

3 0.0)14 +- 0.010 C. Tlle accuracy of allagochrome values is de-
plendlent oni the maintenance of oxi(liziing conditions

04and oin the exteilt of extraction of sampIles. The
0r().0)38 -+- 0.004 extent of extraction of allagoclrl-omiie fromii Heliaiithus

leaves has been estimated by!re-extracting- the miia-
12 0.029 + 0.003 terial precipitate(l (ulrilng centrifugation of the iniitial

tissue lhomilogelnate. These (letermilinations shoxved
that over 90',( of the total extraclable allagochrome10 0.012 0.002 was plresent in the fir-st supernat,ant fraction. The
extent of extraction maylvary with tile species of

10 3.68 - 0.36 pIlanlt. The great solubilitv of the pigmiielnt in the
glycine-Na1OH buiffer (no limilits ot solulilitv in
buffer or in xater have been observed) anid( the lowNT
yield of a secon(l extraction in(licate, how ever. that

passage tlhrouglh seph- the present lprocedures l)rovi(le -alid( estimates of
the flowx rate is ex- )ignlent content.

trenilel sloxw (ca. 10 nml pler day ) the phiosphorus
conteint of the effluent alla.g'ochrome is re(luce(l to
ab)out 1/ 20 of rapidly plutrifiedl samIples. Tt appears.
theni, that lllosphorUs Ilust he regar(le(l as either a

conltalinilialnt or a loosely bould comlloneIlt of the al-
lagochiromile colmiplex. Tile latter- seems mlore prob-
able at tlhe presenlt timie, although removal of con-
tailiniatling yellow pigments (whhich generallv coni-
taill relatively larger aiiiounts of phosphorus ) could
at least ill plart account for the (lifferences ill pilos-
pllortis coliteIlt of allagochrome samplles withi (liffer-
ent preplarative Ilistories.

IT . Allalgoclirm(100 . SSa ys. Tlle assay for al-
lagochlromile is simple and (lir-ect v-et subject to sev-
eral kindls of limitations:

A. Allagochrome values can le use(I to calculate
absolute concentrations onlv in those cases xvhere
the relationshipl) betwveenl xxeight of pigment and op-
tical dellsity of solutioni has been establi shed. xven

A paper sumnlmliarizing alI extensixve survey tor
allagochrome in represeiltative taxa of vascular
plants has beeil publishedl elsexhere (2 ). Table IN
lists only those species shoxx ni to haxe hligh coilceil-
trations of this pign1ment. AllagoDchrome values fOr
species testing positixely range fromll less thani 1 to
greater than 80. Of the iliore than 150 species rep-
resentiIlg over 100 genera xvlicll have been assayed,
about 45 ('(c had Measurable coGlcelltratioils of alla-
gochromiie. The absence of measurable red ah)sorp-
tion peaks in extracts fromi mivan species (loes inot
necessarily imply thlat no allagochlorme is preseilt it
iliglht O0llv reflect limitations of measuring instru-
ients or inla(leqtuate size of samples. As is the case
xvitlh so many things. the preseince of allagocllhrole
cai1 lbe dlemoilstrate(d illOre easilv tlilan its allsence.

There is considerable xariation in the allago-
cllroliie coilteilt xx itl)positioll o(f leaxes and plant age.
(eilenlrllv. leaves form-le(d late in ve-Cetati\xe (ro-wtlh
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Table IV
Assays-Representtative Species with High Allagochromiie Conttent

Order Species Wavelength of Allagochrome
Famil S red peak (mA) value

Division Si)henoi)sidaDivision Snhpnonsid.Equisetales
Equisetaceae

Coniferales
Pinaceae

Ranales
Magnoliaceae
Berberaceae

Geraniales
Simaroubaceae

Sapindales
Aceraceae

Gentianales
Oleaceae

Apocynaceae
Polemoniales

Solanaceae
Gesnieriaceae

Lamiales
Labiatae

Rosales
Rosaceae
Crassulaceae

Celastrales
Celastaceae
Aquifoliaceae

Umbellales
Aralaceae

Rubiales
Rubiaceae
Caprifoliaceae

Asterales
Compositae

Equisetum arvense
Division Spermatophyta

Subdivision Gymnospermae
Tsuga sieboldii
Tsuga canadensis
Tsuga caroliniana
Subdivision Angiospermae

Class Dicotyledoneae

Magnolia sp. (deciduous)
Mahonia sp.
Berberis triacanthophora
Podophyllum peltatum

Ailanthus altissima

Acer rubrum

Ligustrum Japonicum
Ligustrum ovalifolium
Carissa bispinosa

Nicotiana rustica
Saintpaulia sp.

Glechoma hederacea
Prunella vulgaris
Leonuris cardiaca

Pyracantha coccinea
Aeonium cuneatum

Schaefferia sp.
Ilex aquifolium
Ilex opaca
Ilex canariensis
Ilex crenata

Aralia sp.
Hedera helix

Coffea arabica
Lonicera j aponica
Diervilla corvaensis

Helianthus annuus
Aster simplex
Aster novae-angliae
Chrysanthemum sp.
Eupatorium altissimum
Solidago altissima
Solidago j uncea

670

670
670-675
670

6684670
635
670
670

674-676

640-660

635
637-642
6664670
664-673
634-636

640-642
638-642
660-665

673
6704676
667-675
664-666
665
668-670
670

665470
665

670-673
660-667
668-672

673
673
673
674-683
675478
672-674
672474

12.98

20.43
17.14
16.08

11.50
82.13
38.15
7.81

8.79

13.35
54.66
33.30
7.87

20.74
6.77

16.38
44.79
13.30

43.99
53.37

12.75
54.24
19.87
77.56
24.82

27.17
28.84

23.12
44.27
17.49

13.31
27.59
54.55
44.28
61.52
59.68
37.94

contain more allagochrome than leaves from young
plants.

V. Variation of Absorption Spectra With pH.
Figures 2a, 2b, and 2c illustrate absorption spectra
of purified allagochrome preparations from Chrysan-
themum, Helianthus, and Ligustrum over a pf1
range of 2 to 13. Changes in absorption patterns
with pH are apparent for both oxidized and reduced
forms of the pigment. The close correspondence of

positions of absorption maxima and changes in ab-
sorption spectra with pH in the visible indicate that
the allagochrome chromophores from these species,
if not chemically identical, are at least structurally
very similar.

Changes in ultraviolet absorption spectra with
pH for oxidized Ligustruni allagochrome are shown
in figure 1. The solutions are the same as those
used to determine spectral changes between 450 and
800 niA. In contrast to variations in visible spectra,

Allagochrome
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FIG. 1 (bottom1 lcft). Variationi in ultraviolet
absorption spectrum of Ligustrum allagochrome
with pH. Oxidized pigmenit measured againist
solvent blank. Concenitration of pigment: 6.4 mg
per ml.

FIG. 2 (right). Variationi in visible absorption
spectra of allagochrome with pH. All measure-
ments against solvent blanks. oxidized;

-- reduced with sodium hydrosulfite. a.

(top) Chrysanthemiunm allagoclromiie; concentra-
tion: 0.7 mg per ml. b. (miiiddle) Helianthus
allagochrome; concentrationl: 2.1 mg per mnl. c.

(bottomii) Ligustrum allagoclbromiie; conicentra-
tion: 6.4 mg per ml.

1.5

14

13.

12

pHlI
.0-

0.9

C

_Z 065
0

there are rather miinor shifts in ultraviolet absorp-
tion patternis with pH. Similar changes in absorp-
tion spectra in the ultraviolet have been observed

ith Helianthus an(l Chr-santhemum allagochromle
preparations.

VI. Flutorescence Spectra. The first examina-
tion of allagochrome for fluorescence was done at the
Carnegie Institution of W;ashington, Stanford, on

an instrument (lesigne(l for measurement of chloro-
phyll fluorescence (see (liscussion, ref 4). At that
tilmie only fluorescelnce (due to traces of chlorophyll

0.7

0.6

,; 0 5a)

C0Q4

- 0.3
o 02

0.1I

Wavelength (m,p)

Wavelength (,nu)

450 500 550 600 650 700 750 800
Wavelength (jnu)

as observed and( this couldl be eliminated 1v ex-

traction -with chloroformii. MIore recent examiiina-
tion of the fluorescence characteristics of allago-
chromiie wvith an Aminco-Bowman spectrofluorometer
reveale,d a distinct pattern of fluorescence around
X 460 mg. Spectra of purified allagochrome fromii
Chrysantlhelmium. Helianthus, and Ligustrumii are

shown in figure 4. Absorption spectra of solutions
use(l for these measurements are shown in figure 3.
Althouglh activation and emission spectra of allago-
chromlle fromii all thlree sources are similar. N-1 e-
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Table V
Comitparisont of Fluiorescence Characteristics

Pigment Solvent Activation maximum (mu) Fluorescence maximum (mu) Relative intensity*

Helianthus
allagochrome

Chrysanzthemumit11
allagochrome

Ligustrum
allagochrome

Ligustruin
yellow I

H,O
Dil. NH40H
Dil. HCl

H20
Dil. NH40H
Dil. HCl

H,O
Dil. NH40H
Dil. HCl

H2O

345-348
345
345

350-353
350
355
335
335
370

385-390
shoulder at 330

458-460
458
465

455-458
453
475
460
458
480

460-470

26.5
22
3
33
27
5.5

31
22
I

* Arbitrary units.
Concentration of pigment solutions adjusted for approximately equal fluorescence intensity.

lengths of excitation and emission maxima are not
identical (table V). All three had the same relative
response to pH of solution: highest intensity of fluo-
rescence at neutral and alkaline pH with a sharp drop
in intensity in acid solutions.

The fluorescence characteristics of several of the
yellow pigments separated from allagochrome dur-
ing purification have also been studied. In contrast
to the fluorescence of allagochrome. which is
usually not visible except in very dilute solutions
due to reabsorption of the emitted light, the fluores-
cence of the yellow pigments is quite apparent even
in concentrated solutions. Emission maxima for the
yellow pigments are generally between 450 and 500
m, (they fluoresce blue, green, or yellow-green when
excited by ultraviolet light). There is great similar-
ity between some of the yellow fractions and allago-
chrome in the position of fluorescence maxima.
Their excitation spectra are quite different, however,
and they differ in response to pH (table V & fig 5).
Although repeated electrophoresis and chromatog-
raphy on sephadex are necessary for complete re-
moval of traces of the yellow pigments, the fluores-
cence properties of the most highly purified prepara-
tions of allagochrome indicate that the separation
was complete so far as this means of detecting the
presence of contaminants is concerned. In fact,
fluorescence spectra have been utilized as a sensitive
test for purity.

VII. Some Specutlations Concerning the Chemiii-
cal Constitution of Allagochroine. Excitation and
emission spectra of allagochrome fluorescence re-
semble those of known pteridines. The similarities
between allagochrome (and the associated yellow
pigments) and pteridines of known chemical consti-
tution extend beyond the close correspondence of
their fluorescence characteristics. Pteridines also
exhibit spectral changes on oxidation or reduction
and in response to changes in pH. Some are known
to be associated with rather large polypeptides.

The chromophore of allagochrome does not fluo-
resce. Because of the position of the fluorescence

peak in a spectral region where there is relatively
high absorption by the chromophore, we have to'
assume the presence of two different light-absorbing
groups, one of which resembles the pteridines.
There is greater variability in fluorescence spectra
of allagochrome preparations from different sources
than in their light-absorbing properties. Differences
in wavelength of excitation and emission maxima of
allagochrome from Helianthus, Chrysanthemum, and
Ligustrum are sufficiently large to suggest differ-
ences in configuration of the fluorophores.

Even though there is absorption by the chromo-
phore at wavelengths of greatest emission by the
fluorophore, the solutions used for these measure-
ments were sufficiently dilute so that only a small
part of the differences in relative intensitv of fluo-
rescence can be accounted for as reabsorption by the
chromophore. If we assume that the observed dif-
ferences in fluorescence intensity of allagochrome
solutions of equal concentration (wt/vol) from dif-
ferent sources reflect differences in fluorophore con-
centration, the spectra in figure 4 suggest approxi-
mately equal fluorophore concentrations in prepara-
tions from Helianthus and Ligustrum which are ap-
proximately twice that in an equal weight of Chrysan-
themum pigment.

Purified allagochrome preparations are relatively
stable and have been stored under refrigeration or
frozen for over a year without apparent change.
The pigment complex is not damaged by light of
moderate intensity but high intensity illumination
does cause measurable bleaching. Stability increases
with purification. Crude preparations tend to be-
come reduced on standing except for the surface
layer which is in contact with air. There is no
tendency for such autoreduction of purified alla-
gochrome, nor can preparations of high purity be
reduced by being made anaerobic through evacuation
or flushing with hydrogen or nitrogen. It has not
yet been determined whether the reversible reduction
of allagochrome in crude preparations is a conse-
quence of specific enzymatic activity or merely due
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FIG. 3 (left). Visible spectra of pigment prepara-
tions used for fluorescence spectra. Aliquots reduced
with sodium hydrosulfite were used as blanks. Con-
ccnltrations of pigments: Helianthus: 1 mg per ml ;
Chrysanthemum: 1 mg per ml; Ligustrum: 2 mg per ml.

FIG. 4 (upper right). Fluorescence activation and
emission spectra of allagochrome preparations from
Ligustrum, Helianthus, and Chrysanthemum. Concen-
tration of all preparations: 0.2 mg per ml. Minor peaks
in excitation and fluorescence curves are due to instru-
ment scatter.

FIG. 5 (louwer right). Variation in relative intensity
of fluorescence with pH. Comparison of Ligustrum alla-
gochrome and Ligustrum Yellow I. Allago-
chrome; -- - Y-Yellow I.

to the presence of naturally occurring reductants re-

leased during grinding. However, it can usually be
observed as long as appreciable anmounts of the
yellow pigments are present.

There is a remarkable similarity between the ab-
sorption spectrum of oxidized allagochrome and the
action and absorption spectra of the red-absorbing
fornm of phytochrome (1). All other properties of
these two pigments are quite different, however.
Allagochrome preparations do not exhibit the shifts
in absorption spectra on illumination characteristic
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of phytochronme; phytochrome extracts do not exhibit
the color changes on oxidation or reduction and
change of pH characteristic of allagochrome. Pro-
cedures which are satisfactory for extraction of alla-
gochrome (e.g., grinding in a Waring blendor) re-
sult in complete destruction of phytochrome. Species
which are good sources of allagochrome are fre-
quently poor sources of extractable phytochrome and
vice versa (private communication, Drs. S. B. Hen-
dricks & H. \V. Siegelman). At the present time
there seems to be no connection between the allago-
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chrome and phytochrome pigment systems.
Notc added in proof: Preliminary ultracentri-
fuge and ESR studies done in collaboration with
Drs. Ulrich Weiss, Chester W. DeLong, and Marc
S. Lewis of the National Institutes of Health have
been completed since the preparation of this paper.

Calculations of molecular weight based on schlieren
patterns observed after prolonged centrifugation at
maximum speed (59,780 rpm) indicate that the mo-

lecular weight of allagochrome probably lies between
720 and 1400. Certainly the possibility that protein
is present in purified allagochrome preparations can

be excluded on the basis of ultracentrifuge studies
because no high molecular weight components were

observed.
ESR spectra of aqueous solutions of purified alla-

gochrome (lo not show a signal for Cu+ +. This
indicates that copper present in these preparations
must be in the Cu+ state which cannot be detectedl
by the ESR technique. ESR studies thus confirm
the hypothesis that a chromophoric group (probably
quinonoid) rather than copper is responsible for
color changes associated with reduction or acidifica-
tion.

The wide discrepancy between molecular weiglht
estimates based on copper content and analytical
ultracentrifuge studies places the position of copper

as a real constituent of the allagochrome molecule in
a questionable status. The results of these recent
studies will be published in detail elsewhere.

Summary

I. Allagochrome is a blue-green, water soluble
pigment which has been extracted from the leaves
of many species of plants. The pigment exhibits
reversible changes in color in response to reduction
(to yellow) and acidification (to red).

II. This pigment is extracted from leaves by
grinding in alkaline buffer. The resulting brei is
centrifuged to remove solids and further purifica-
tion is by continuous flow electrophoresis and chro-
matography on sephadex.

III. The assay procedure for allagochrome is
based on differences in optical density between oxi-
dized and reduced aliquots of crude extracts. Known
sources having high concentrations of the pigment
are listed.

IV. Comparative studies of purified allago-
chrome prepared from Helianthus, Chrysanthemum,
and Ligustrum included determinations of copper
and phosphorus content, changes in absorption spec-
tra with pH, and fluorescence characteristics.

V. Present estimates of molecular size and like-
ly composition, nature of the chromophore and fluor-
ophore and possible relationships with other pig-
ment systems are discussed.
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